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One can find recorded many times in the virus literature descriptions of the 
mechanics  of  interaction  of  influenza  virus  and  cells  of  the  chorioallantoic 
membrane. Other authors have considered with various degrees of refinement 
the kinetics of the host-virus reaction and particularly the rate and extent of 
virus uptake  (1--4).  The studies  of this  series have been concerned  primarily 
with the succession of biochemical reactions which follow the initiation of infec- 
tion and the kinetics of these are particularly interesting. 
A useful reference point from which to locate these reactions is the formation 
of the  initial  stable host-virus complex. This initial reaction can be followed 
either  by the  disappearance  from  the  reaction  mixture of free virus  or  sus- 
ceptible  cells.  While  study  of the  former has  been usually  the  procedure  of 
choice, it may produce equivocal results, in that the disappearance of virus in 
the  initial  reaction results not  only from its participation in  the  infection of 
cells  but  from spontaneous  disintegration  and  the  process of  superinfection. 
The measurement of residual susceptible cells is equally unsatisfactory in this 
system.  Hence,  the  reference  reaction  was  followed  here  by measuring  the 
product,  the cell-virus complex, in terms of its capacity to produce virus. 
The  initial  cell-virus  complex  has  been  characterized  by  the  conditions 
under which it is formed, by its stability at various temperatures,  and by its 
reactivity with  immune serum and  receptor-destroying enzyme.  Finally,  the 
rate at which it enters into the normal infectious sequence has been followed. 
Methods and Materials 
Virus and Tissue.--In all experiments the source of virus was infected allantoic fluid which 
contained the PR8 strain of Type A influenza virus. The strain has undergone seven passages 
in ferrets, 593 passages in mice and  145 to 46 passages in embryonate eggs. The host cells 
* Aided by a grant  from the National Foundation for Infantile Paralysis, Inc. 
Doctor Ishida is a Research Fellow supported by a grant from the Eli Lilly Company, 
Indianapolis. He is on leave from the Tohoku University, Sendai, Japan, and is in this country 
on a Fulbright Scholarship. 
501 502  GROWTH  CHARACTERISTICS  OF  INFLUENZA  VIRUS 
were supplied in cultures by sections of chorioallantoic  membrane  obtained from  15-day-old 
eggs. 
Immune Sera.--The antiviral sera were prepared in a number of different species of animals, 
using a variety of sources of antigen. The history of the particular serum is given in individual 
experiments.  For most purposes hyperimmune rabbit serum prepared with infected allantoic 
fluid was used.  Prior to treatment with serum, the infected tissues  (0.4 gm.) were washed 
three times in 50 ml. volumes of cold buffered saline to remove superficial virus. They were then 
suspended  in 3 ml. of buffered saline containing a suitable dilution of immune  serum.  The 
treatment with serum was followed by three more washings in 50 ml. volumes of saline to 
remove residual serum. 
Receptor-Destroying Enzyme, (RDE).--was prepared from allantoic fluids harvested from 
embryonate eggs infected with cholera vibrio. The material was partially purified and had a 
titer of 4000 to 8000 units per ml. 
Warburg Flask Culture.--The host-virus system was maintained in a Warburg apparatus 
using a modified Simms solution.  The method and medium  are the same as described pre- 
viously except that the concentration of glucose was changed from 6 to 2 rag. per ml. (5). 
Virus Titrations.--The amount of virus was estimated by determining the infectious titer 
for eggs. For most purposes,  tenfold serial dilutions were prepared in broth and four to six 
eggs were inoculated with 0.1 ml. of each dilution. In some experiments,  as indicated in the 
experimental section, fourfold dilutions were prepared and 10 eggs per dilution were inocu- 
lated. After 2 days of incubation at 37°C., allantoic fluid was removed from each egg and tested 
for virus by the addition of red blood cells. The 50 per cent infectious titer was calculated by 
the method of Reed and Muench (6). The titers expressed in the paper represent the number 
of 50 per cent egg infectious doses, EIDa0, per 0.1 ml. of sample. 
EXPERIMENTAL  AND  RESULTS 
Rate of Formation of a Cell-Virus Complex at 37°C.--Since the initial reaction 
of cells and virus must depend upon contact, it may be started and after some 
interval terminated by merely bringing together and separating the reactants. 
Cells in the form of the chorioallantoic membrane  can be separated from the 
inoculum and subjected to repeated washing in large volumes of fluid with ease 
and rapidity. The reaction so controlled will be designated as Reaction I  and 
defined as the formation of the first cell-virus complex with the potential for 
virus production which  is stable  to  dilution and  simple washing.  The  possi- 
bility is not precluded that the reaction may be preceded by one more rapid, 
producing a  less stable, more tenuous union of cell and virus. 
Reaction I  C  +  V ~  (C  -  v) 
While the extent of reaction can be controlled by  the  interval  of exposure 
the  rate  can  be  followed from  the  determination of  the  amount  of complex 
(C-v) produced in the interval. The amount  of complex present in the tissue 
with  residual  susceptible cells is estimated by first  inactivating  the  residual 
cells with receptor-destroying enzyme (RDE)  and then subjecting the complex 
to prolonged further  incubation.  (Shortly after formation,  the complex is re- 
sistant to the action of RDE; cf.,  the following section.) Thus,  only the  cells 
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in a final yield of virus and, consequently, the number of cells in the original 
complex should be a direct function of that final yield. 
C q- (C  v)  RDE  --  ~ C* +  (C  --  v)-*  C* +  c  +  nV 
Essentially,  when Reaction I  is  the limiting factor in  the over-all infectious 
sequence, it will be reflected in the final production of virus. 
By this procedure Reaction I  was followed at 37°C., using a constant number 
of cells and various concentrations of virus. The details of the experimental con- 
ditions are given with the results plotted in Figs. 1 and 2. The curves designated 
A in the figures describe respectively the rates of reaction obtained with viral 
concentrations of 108.8 and 10  ~'3 EID60 per 0.1 ml. The extent of the reaction 
was found dependent upon the concentration of virus and  time of exposure. 
These curves are well described by the kinetics of a  first order reaction. The 
half maximum yield of complex is produced in approximately 18 minutes and 
the rate reaction constant is about 3.8 X  10  "-2. 
Limits in Time of the Influence of RDE.--It has been shown that after cells 
are treated with RDE  (receptor-destroying enzyme) they still bind influenza 
virus. However, the forces of attachment are greatly reduced and no viral in- 
crease ensues (7). Some cellular function essential to the initiation of infection 
is destroyed. In the present study the rate was measured at which this function 
of the cell is completed and compared with the rate at which the first stable 
cell-virus complex was produced. 
RDE was added to cultures of cells at various times before and after the addition of virus. 
At 3 hours the tissues were washed and returned to fresh medium containing RDE.  The pro- 
duction of virus which ensued in the various cultures upon further incubation was observed. 
Corresponding replicate infected cultures were  washed with saline to remove the inoculum 
at each of the times of addition of RDE  to the experimental cultures, fresh  medium was 
added, and the cultures were then incubated in  parallel at 37°C.  By this procedure it was 
possible to follow in the same experiment the rate at which the first stable cell-virus complex 
is produced, as well as the limits in time when an effect of RDE can be exerted. 
The details of the experiment are given with Fig. 3 in which the results are 
plotted.  The  addition  of  RDE  to  the  culture  10  minutes  before  the  virus 
produced complete inhibition as demonstrated by no increase in virus titer at 
24 hours beyond the residual value (10  ~-°) observed at 1.3 hours. When added 
5 minutes or more after the virus little inhibitory effect was evident. However, 
since some time (less than 5 minutes) is required for RDE to alter tissue sus- 
ceptibility, the curve demonstrating the limits of the effect of RDE should be 
displaced slightly to the right of the control curve in order to correct for this 
lag. 
Separate control experiments demonstrate that treatment of a tissue with the 
concentration  of RDE  used  here for an  interval  of 5  minutes  followed by 
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in susceptibility to infection as a  similar treatment for 1 hour. The lag phase 
in the action of RDE thus has an upper limit of 5 minutes. There may be an 
action of RDE due to its steric hindrance which would be instantaneous with 
its attachment to its substrate and not dependent upon its enzyme action. 
Thus, that function of the cell essential to the initiation of its own infection 
and sensitive to the action of RDE is fulfilled  close upon the formation of the 
first stable cell-virus complex. The complex representing the product of Reac- 
tion I  is, or very rapidly becomes, resistant to the enzyme. This does not pre- 
clude the possibility that RDE may remove virus from infected cells for some 
considerable  time  after  exposure  to  virus,  but  would  indicate  that  virus  so 
removed is not the virus which is initiating virus increase. 
TABLE I 
lnfevtion of Cells at 3 and 370C. 
Viral tlters$ 
Temperature 
of exposure*  Infectivity§  Hemsgglutinin]l 
°C. 
3 
37 
1.3 hrs, 
6.4 
5.7 
12 hrs. 
7.6 
7.8 
24 hrs. 
8.2 
8.3 
12 hrs.  24 hrs. 
200  896 
240  1280 
* The tissue was exposed to virus (109aEID~0/ml.) for 1 hour at the indicated tempera- 
ture; then it was washed 3 times in 50 ml. volumes of cold buffered saline, transferred to 
standard medium, and incubated at 37°C. 
:~ All values are the average of 4 comparable experiments. 
§ The infectivity titers are expressed as the negative log of the 50 per cent infectious dose 
for eggs per 0.1 ml. volume. 
I[ The hemagglutinin titers are expressed as the reciprocal of the limiting dilution ag- 
glutinating 0.5 per cent chicken erythrocytes; at 1 hour the titer is less than 4. 
Temperature Independence oJ Reaction/.--The complex resulting of Reaction 
I  was  further  characterized  by  determining  the  conditions  of  temperature 
under which it would form. Since the complex is defined as the first product 
which is stable to dilution and washing, it was feasible to follow the reaction 
at low temperatures.  Mter an appropriate period of exposure of ceils  to virus 
at 3°C.,  the cells  could be washed in the cold to remove residual free virus, 
transferred  to new medium at 37°C.  and incubated.  If attachment of virus, 
stable to dilution and washing, occurred at 3°C., then later incubation at 37°C. 
should produce a yield of virus. 
The details of procedure and the results from four comparable experiments 
are summarized in Table I. These data show that the yields of virus obtained 
at  12  and  24  hours  are  closely comparable when  infection was  initiated  at 
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massive  inoculum  of virus  was  used  whereupon  all  susceptible  cells  in  the 
culture should be producing virus. Thus at 3°C. a complex between virus and 
cell can be formed with great efficiency and upon elevation of the temperature 
it is capable of producing virus in normal yields. 
The "bound infectious virus"  (7)  as indicated by the titer  of the medium 
upon  1.3  hours of incubation at 37°C.  is  higher in  the  instance of infection 
initiated  at low temperature.  This consistent observation indicates the initial 
binding of virus to cells is more stable at temperatures lower than 37°C. 
Recovery of Inoculum following  Reaction  /.--Evidences  can  be cited  from 
experiments  with  several  host-virus  systems  which  indicate  that  the  virus 
activity which initiates increase of virus cannot be recovered from the infected 
cell  early in  the  infectious sequence.  Hence,  it  was  of interest  to  determine 
whether  this  temporary disappearance  of viral  activity was associated  with 
the formation of the early complex described in previous  sections.  However, 
associated with membranes infected with influenza virus is always virus which 
retains its infectious property. The nature of this phenomenon has been con- 
sidered in detail elsewhere (7).  Because of it, a non-infectious phase cannot be 
proved by disrupting cells and demonstrating a lack of infectious activity. The 
indirect approach as originally used by Henle (8) must be employed; i.e., cells 
are  allowed to react  with  a  known virus activity,  then after disruption  and 
extraction the recovered virus is determined. By difference a  disappearance of 
virus can be demonstrated. It should be noted, however, that the identity of 
the missing virus with the initiating activity cannot be established.  All other 
data in this study concern observations of initiating activity as it is manifest 
in the production of virus-yielding cells. With this limitation in mind, the fate 
of the viral inoculum upon exposure to cells was followed both at 3  ° and 37°C. 
For this purpose a special medium composed of buffered saline and 10 per cent horse serum 
was employed  because in it the virus was found to be quite stable even in the absence of added 
tissue and at 37°C. Aliquots of virus which had been previously dialyzed against buffered 
saline were placed in the medium and incubated for 1 hour at 3  ° or 37°C., in the presence or 
absence of cells. The tissues next were removed, disrupted with a minimal quantity of alundum, 
added to the medium, and titrated for infectious and  hemagglutinating activities. In some 
instances cells incubated in the absence of virus were disrupted and added to fluids which had 
contained virus but were incubated in the absence  of cells. Such  control mixtures were titrated 
for virus for comparison with experimental cultures. Infectious activity was determined by 
the method of limiting dilutions. Using fourfold dilutions, 10 eggs were inoculated with each 
dilution. 
The data from one of several comparable experiments are recorded in Table 
II. After 1 hour of exposure of the inoculum to the cells  at either 3  ° or 37°C., 
60 per cent of the original inoculum is no longer recoverable in the supernatant 
fluid or cells.  The 20 per cent variation in the controls in which virus is incu- 
bated without tissue is within the limits of accuracy of the method and does 
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the results are explainable in terms of spontaneous viral instability or by inter- 
ference of cellular residues in the detection of virus. Rather one is inclined to 
infer from the data that the formation of the early complex is actually asso- 
ciated with a loss of detectable infectivity on the part of the initiating activity. 
The  data  do  not  allow one  to  decide whether  the loss of activity represents 
simply a  binding of essential sites of the virus to cellular components  or if an 
inactivation due  to splitting of virus protein from nucleic acid occurs at this 
stage, analogous to observations with bacteriophages. 
TABLE II 
Recovery of Inoculum after Exposure to TC.tsue* 
Sample 
3riginal 
3°C. without tissue 
}7°C. without tissue 
5°C. with tissue 
57°C. with tissue 
Viral titers$ 
Infectivity 
7.86 
7.95 
7.75 
7.45 
7.44 
Hemagglutinin 
1.5 
1.5 
1.5 
1.0 
1.0 
Fraction recovered 
Original =  100 
100 
122 
78 
39 
39 
* Dialyzed allantoic fluid was added to the medium  to prepare a pool of virus; one ali- 
quot (designated  original) was titrated immediately for infectivity and hemagglutinin while 
other 3 ml. aliquots were incubated for 1 hour at 3 or 37°C. with and without 0.4 gin. of 
chorioallantoic membrane. 
$ All titers are expressed as the negative log of the dilution which will infect 50 per cent 
of inoculated embryonate eggs or produce a hemagglutination reaction. 
§ Tissues were disrupted with alundum added to the supernatant medium and centrifuged 
before titration for virus. 
Sensitivity of the Complex to Immune Serum.--To  clarify this point and fur- 
ther characterize the nature of the complex, the sensitivity to immune serum 
of its virus producing capacity was tested. 
Three tissues were exposed to virus at 3°C. for 1 hour and then washed thoroughly with 
saline to remove the residual inoculum. Next one tissue was treated with specific hyperimmune 
anti-viral rabbit serum  (titer ffi  1:4000 H.LU.) for 3 minutes,  a  second  with normal rabbit 
serum, and the third with saline. Then each tissue was washed again to remove excess serum 
and transferred to fresh medium at 37°C. The media were sampled at 1.3, 12, and 24 hours 
and titrated for infectivity and hemagglutination activities. 
The  resulting data  (Table III) show  that  the  capacity of the complex  to 
produce virus is almost destroyed by the action of immune serum. Upon incu- 
bation the complex treated with immune  serum yielded 104.5 EIDs0  of  virus 
in 24 hours while the control tissues produced 10  a.° EID60. This sensitivity to 
immune  serum  indicates  that  the  infectious principle in  the  complex  is  still 
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Instability of the Complex at 37°C.--The  reaction of cells and virus at low 
temperatures produces a cell-virus union whose formation is associated with a 
loss of detectable virus activity, which is stable to considerable dilution, sensi- 
tive to the inhibitory effect of viral antibody, and capable at higher tempera- 
tures of proceeding into the normal infectious sequence. Whether this product 
of the  low  temperature  reaction  represents  a  stage  in  the  normal  infectious 
sequence and is indeed identical with the complex whose formation at 37  ° was 
described in Figs. 1 and 2 will be considered further. 
When the cell-virus union produced at 3°C.  was subjected to prolonged in- 
cubation at the low temperature,  it retained  its sensitivity to viral  antibody. 
But when  the complex produced at 37  °  was so tested,  it was found to be at 
TABLE III 
Effect of Immune Serum upon Infectious State Produced at 3~C. 
Washing medium  s 
Saline 
Normal serumll 
Immune serum[[ 
Viral titers 
Infectivity~  Hcmagglutinia§ 
1.3 hrs.  12 hrs.  24 hrs. 
6.6 
6.3 
2.7 
7.5 
7.7 
3.0 
* The tissue was exposed to virus (10S.SEID6o/ml. 
8.3 
8.0 
4.5 
12 hrs.  24 hrs. 
240  768 
160  1224 
<20  <4 
for 1 hour at 30C.; then it was washed 
to remove virus, treated with saline or serum, washed again, and subsequently incubated  at 
370C. 
:~ The infectivity titers are expressed as the negative log of the 50 per cent infectious dose 
for eggs per 0.1 ml. volume. 
§ The hemagglutiuin  titers  are expressed as the reciprocal of the limiting dilution agglu- 
tinating 0.5 per cent chicken erythrocytes;  at 1 hour the titer is less than 4. 
II Both sera were obtained from rabbits. The immunizing agent was ailantoic fluid contain- 
ing the PR8 strain of influenza virus. 
first sensitive to immune serum and then to become refractory. Presumably at 
37  ° the complex proceeds to the next stage in the infectious sequence. This is 
best  demonstrated  in  the  following experiments in  which  by virtue  of this 
change in sensitivity to serum the rate of transformation of the  complex was 
fonowed over a period of time. The tissue was exposed to virus for a  suitable 
period  to  produce  some  virus-cell  union.  The  amount  of  this  complex  was 
determined as described in the first section. Replicate cultures were incubated 
for  various  intervals  and  then  treated  with  immune  serum  to  destroy  the 
residual  complex, and to prohibit further production of the new product. The 
extent to which the reaction proceeded in any interval is determined by assay- 
ing for the new product in terms of its viral productive capacity. 
Reaction II  (C  --  V) ---+ Cv 
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Five tissues were exposed to virus (106"3 EIDs0/0.1 ml.) for 5 minutes and then each was 
washed with saline to remove excess virus inoculum. At this time one of them was also washed 
with immune serum and again with saline to remove the serum. All tissues were returned to 
the medium and incubated at 37°C. At 15, 30, or 50 minutes one of the tissues was again re- 
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Fro. 1.  Curve A--0.4 mg. portions of tissue were exposed to the virus at a  concentration 
of 10  e's EID~0 per 0.1 ml. At 5, 15, 30, or 60 minutes replicate tissues were removed, washed 
in three 50 ml. portions of buffered saline, and returned to fresh medium. After 12 and 24 
hours the medium was titrated for viral infectivity. The 24 hour data are recorded here. Curves 
B and C--five replicate tissues were exposed to virus for 5 minutes and then they were washed 
to remove virus as described under Curve A above. Four of these were later removed from the 
growth medium and washed again at 5, 15, 30, and 60 minutes with immune rabbit serum for 
3  minutes, and then with three 50 ml. volume of buffered saline after which they were re- 
turned to growth medium. At 12 and 24 hours the fluids were titrated for virus and the 24 
hour data are recorded above. 
moved from the incubator and treated as above with serum and saline washing and then re- 
turned for further incubation. At 3 hours RDE was added to all cultures.  12 and 24 hours 
after the addition of virus all cultures were sampled and titrated for virus. 
The  data  from the 24 hour  samples are plotted  in Fig.  1.  The  single tissue 
not treated with serum, represents the amount  of ceil-virus complex formed in 
the 5  minute interval prior to the initial washing and is indicated by the broken NAKA0  ISHIDA  AND  W.  WILBUR  ACKERMANIq  509 
line  of  Curve  B.  The effects of the  immune  serum upon  this  complex after 
various intervals of time are described in the curve designated C. 
The data from a  similarly designed experiment are plotted in Fig. 2. There 
the virus concentration was 105.8 EID~0/0.1 ml. and the time allowed for com- 
plex production was 30 minutes. 
Thus, at 37°C. a transient complex of virus and cell is formed which at first 
is sensitive to the action of viral antibody and closely resembles the product 
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FIG. 2. Curves  A, B, and C were  obtained  from two expel_merits  designed  as those  of Fig. 1. 
However, here one-tenth as much virus was used and the treatment of the tissue with serum 
was made at 0.5, 1, 2, or 3 hours after exposure to virus. 
obtained at 3°C.  The original  complex is transformed into  a  serum resistant 
state by a  second reaction.  The rate of the reaction which produces the first 
complex is dearly distinguishable  from the rate of the second reaction.  Fur- 
ther, the rate of the second reaction as indicated by the half-life of the original 
complex appears to be more rapid when the original complex is produced in the 
presence of the higher concentration of virus (of.  Figs. 1 and 2). 
Even  when  considerable  time is  allowed for  the  second reaction  to reach 
completion, the serum treatment still produces some effect as evidenced by the 
manner  in  which  Curves  C  in Figs.  1  and  2  approach  but do not  reach the 510  GROWTH  CHARACTERISTICS  OF IN~LIYENZA VIRUS 
TABLE  IV 
Effects of Various Sera upon Infectious State* Produced at 3~C. 
Character of washing medium~ 
Species 
Rabbit 
Rabbit 
Rabbit 
Chicken 
Ferret 
Ferret 
Antigen source 
Allantoic 
fluid 
Allantoic 
fluid 
None 
Allantoic 
fluid 
Allantoic 
fluid 
Mouse lung 
Immune response 
Hyperimmune 
Hyperimmune 
adsorbed 
Normal 
Hyperimmune 
Convalescent 
Convalescent 
.I. titel 
6,100 
<4 
<4 
5,300 
3,200 
6, i00 
Buffered saline control 
Viral fitersN 
Infectivity  Hems____  gglutinin 
1.3 hrs.  2 hrs. 24 hrs.li2 hrs  24 hrs. 
3.0  2.7  4.0  <20  <4 
6.0  8.0  [ 8.3  320  1024 
6.3 
2.3 
6.3 
_~5.5 
6.7 
7.7  8.0  320  1024 
2.5  2.3  <20  <4 
7.0  7.3  <20  128 
6.3  7.0  <20  16 
7.7  [ 8.3  320  1024  [ 
* Tissues were exposed to virus (concentration l0  s.SEID60) for 30 minutes at 3°C. to pro- 
duce infections. 
After exposure to virus in the cold, the tissues were washed in the cold in buffered saline 
to remove residual virus and then with serum and finally with saline to remove serum.  (of. 
section Methods and Materials). 
[[ These are the viral titers developed upon incubation at 37°C. after infection and wash- 
ing at 3°C. 
TABLE  V 
Effects of Various Sera upon Infectious State* Produced  at 37°C. 
Washing medial: 
Saline control 
Normal serum 
Anti-Lee serum 
Anti-PR8 serum 
Anti-PR8 serum[[ 
H.I. titer§ 
<4 
<4 
6400 
640O 
Neut. index§ 
<1.7 
<1.7 
4.0 
4.0 
1.3 hrs. 
2.3 
2.3 
2.3 
1.0 
0.7 
Infectivity titers 
12 hrs. 
6.7 
6.5 
6.7 
4.0 
4.3 
24 hrs. 
7.5 
7.5 
7.5 
4.5 
4.7 
* The tissues were exposed to virus (105'SEID~0 per 0.I ml.) for 1 hour at 37°C. and then 
washed in saline (50 ml. volume) three times, treated with l0 per cent serum for 3 minutes in 
a volume of 3 nil., and finally washed 4 times with 50 ml. volumes of saline. The tissues were 
transferred to fresh medium containing RDE and incubated at 37°C. 
:~ All sera were from rabbits and the source of antigen was allantoic fluid infected with the 
Lee or PR8 strains of influenza virus. 
§ The hemagglutination inhibition titers and the neutralization indices were  measured 
against the PR8 strain of influenza virus. 
I[ The second anti-PR8 serum was heated to destroy non-specific inhibitors. NAKAO  ISHIDA  AND  W.  WILBUR  ACKERMANN  511 
value ot B.  This is due to an influence of serum upon later reactions in the 
infectious sequence which are probably beginning  in some cells before Reaction 
II is completed in all cells. This later effect  of serum will be described in a 
separate paper. 
TABLE VI 
Absence of Residual Effect of Immune Serum upon the Measurement of Virus 
Various specimens* 
1.  Extracellular fluid from control culture 
2.  Membrane at 24 hrs. from control culture 
3.  ExtraceHular fluid from culture treated with immune serums 
4.  Membrane at 24 hrs. from culture treated with immune  serum 
5.  Extracellular fluid 1.5 hours from culture treated with immune 
serum 
6.  Membrane at 1.5 hours from culture treated with immune  serum 
7.  Non-infected  membrane  at  1.5  hours  treated  with  immune 
serum 
Combinations of specimens§ 
1+3 
1+4 
1+5 
1+6 
1+7 
1.,5 hrs. 
7.0 
3.5 
3.5 
3.7 
Viral titers 
I  12 hrs.  24 hrs. 
8.3 
6.7 
3.7  4.3 
4.5 
Viral titers 
Expected 
8.0 
8.0 
8.0 
8.0 
8.0 
Observed 
8.3 
8.0 
8.0 
8.0 
8.3 
* Three tissues were exposed to virus (concentration 10  sa EID60 per ml.) for 30 minutes 
at 3°C. to produce infection. One tissue was washed 6 times with saline, transferred to fresh 
medium, and incubated  (Nos. 1 and 2 above). The remaining 2 tissues were washed 3 times 
with buffered saline, treated  3 minutes with 3 ml. of 10 per cent immune serum~ and again 
3 times with saline. These were transferred to fresh medium. One culture was incubated 24 
hours and a second 1.5 hours. 
§ The tissues were disrupted, extracted with saline and equal volumes were combined with 
the 24 hour fluid of the control culture. After 1 hour of incubation  at 4°C., the mixtures were 
titrated for infectivity in eggs. 
The serum was obtained from rabbits hyperimmunized with allantoic fluid infected with 
the PR8 strain of influenza virus--H.I, titer 6400, neut. index 3.7. 
Specificity  of tke Serum Effect.--The  data summarized in Tables IV and V 
were obtained from a  number of control experiments which support the con- 
tention that the effect of immune serum described in previous sections is due 
to its content of viral antibody. Hyperimmune sera from rabbits and chickens, 
immunized with allantoic fluid containing virus, normal rabbit serum, hyper- 
immune rabbit serum adsorbed with homologous virus, and convalescent ferret 512  GROWTH  CHARACTERISTICS  OF  INFLUENZA  VIRUS 
sera  were  all  tested  to  determine  their  hemagglutination  inhibition  fiter, 
neutralization (of infectivity) index and their ability to destroy the viral pro- 
ductive capacity of cell-virus complexes produced at low temperatures (Table 
IV). Normal rabbit serum does not produce an inhibitory effect. Hyperimmune 
rabbit serum which is quite active against the cell-virus complex is non-inhibi- 
tory after adsorption with homologous virus attached to formalized human 
erythrocytes (after the technique of Jensen and Francis)  (9).  This finding as 
well as the activity of the hyperimmune chicken serum indicates the effect is 
not due to host-cell antibody. In general, there is a correspondence between the 
neutralization index and the activity against cell-virus complex. Convalescent 
ferret serum (containing appreciable hemagglutination inhibition activity but 
a  low neutralization index) had a  low capacity to inhibit the complex. Com- 
parable experiments were also carried out testing the ability of a  variety of 
sera to inhibit the virus producing capacity of the complex produced at 37°C. 
Similar negative results were obtained (Table V). 
In addition, normal and infected tissues were treated with immune serum, 
disrupted with alundum and added to the extracellular fluids obtained at 12 
or 24 hours from normal virus producing cultures. By this procedure no residual 
effects of immune serum upon the measurement of virus could be detected. 
Apparently the action of immune serum does not persist beyond the period of 
serum treatment (Table VI). 
DISCUSSION 
Reaction I is best described by first order kinetics in which the rate of reac- 
tion at any time, t, is a function of the concentration of one reactant at time, t. 
The concentration of the reactant when t is zero may be taken as that of the 
product at infinite time. This is given approximately by the value of the rate 
curve at plateau (Figs. 1 and 2). When the maximum value of the product is 
designated as a and that at time, t, as x, then, 
log a/a -- x -- Kt/2.303. 
The data collected at 12 hours from a number of experiments were analyzed 
by plotting log a/a-x against time as illustrated in Fig. 4. Usually by this pro- 
cedure a straight line obtains which passes through the origin and from whose 
slope a consistent value of 3.8 X  10  -~ has been determined for the reaction rate 
constant, K. The time for the reaction to reach half-maximum completion  is 
about 18 minutes. 
While this description of kinetics is adequate for predicting the course of 
events and of practical value in determining the relative position of successive 
reactions, the data and analysis are insufficient to define the mechanism in- 
volved. The data would apply if Reaction I were a pseudo/first order reaction, 
in which case there may be two reactants, virus and cell, but one of these is in NAKAO  ISHIDA  AND  W.  WILBUR  ACKERMANN  513 
excess. Equally possible,  the initial interaction could be near  instantaneous, 
producing an unstable cell-virus union. The slower reaction which is measurable 
is truly first order, i.e.,  represents the conversion of the unstable union to one 
insensitive to dilution. 
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TEMPERATURE  37 ° C. 
I  I  I  I  I  I  I  I  I  I  I  I 
5  15  30  45  60 
TIME  IN  MINUTES 
Fro. 3.  Eight replicate 0.4 rag. portions of tissue were exposed to influenza virus. To one 
series of four, receptor-destroying enzyme was added at 5,  15, 30,  or 60 minutes later. The 
series receiving RDE was washed free of virus at 3 hours and returned to fresh medium con- 
taining RDE. The individual tissues of the other series were washed at 5, 15, 30, or 60 minutes 
and returned to fresh medium. To the latter series, RDE was also added at 3 hours. All cul- 
tures were titrated for virus at 12 and 24 hours, and the 24 hour data are recorded above. 
The possibility of a prior reaction is supported in part by the implications 
drawn from the properties of the  "bound infectious virus"  (7)  which is held 
reversibly and whose binding is sensitive to the influence of RDE and a-amino- 
p-methoxyphenylmethane sulfonic acid.  The infectious state following Reac- 
tion I  is more stable and insensitive to these reagents. 
The influence of RDE, so closely confined to the limits of Reaction I, indi- 
cates that the cellular structure sensitive to RDE completes its function before 
Reaction I  occurs or else it functions in the reaction. The enzymatic activity 
of the virus does not seem to operate here since the whole process is completed 514  GROWTH  CHARACTERISTICS  OF  INFLUENZA  VIRUS 
at 3°C. However, the viral enzyme structure may provide a site for attachment 
of the reactants. If this activity is important in the initiation of infection, it 
must be in the successive stages which are dependent upon higher temperatures. 
More likely the role of the viral enzyme is reserved for the release of the virus 
at the end of the infectious sequence (10,  11). 
The inhibitory effect of serum upon the early complex undoubtedly has its 
basis in a  reaction with the viral antigen supplied by the original inoculum. 
That this effect of serum several hours after the initiation of infection can be 
~03 
0,  o 2 
0.1 
I  I  I  I  I  I  I  ,.I 
5  15  30  40 
TIME  IN  MINUTES 
Fro. 4.  The data from which the above curve was constructed were from an experiment 
of design similar to that described in Curve A of Fig. 2. Here the yield of virus at 12 hourswas 
measured. Actual observations were made at 5, 15, and 30 minutes. The rate of reaction was 
calculated for the intervals 0 to 5, 5 to 15, 5 to 30, and 0 to 30~ 
clearly delineated will be important in the future consideration of effects of 
immune serum occurring even later in the infectious sequence and which are 
directed against newly formed viral antigens (12). 
While the first recognizable stable infectious state is produced by a relatively 
slow reaction, occurring at low temperatures and apparently requiring little 
energy of activation, its conversion into a complex resistant to immune serum 
is temperature-dependent and probably enzymatic. This resistant state could 
arise by further binding of the virus and cell so as to cover sites reactive to 
antibody or by some other mechanism providing physical inaccessibility as 
penetration of membranes impermeable to antibody. The latter seems unlikely 
since: immune serum can inhibit the late stages of viral development presum- NAKAO  ISHIDA  AND  W,  WILBUR  ACKERM.ANN  515 
ably by acting upon immature and pre-emergent forms of virus (12);  further, 
gamma globulin can be visualized in some cells in the intracellular state by the 
use of anti-gamma globulin bodies which have been coupled with azo  dyes 
(13). The alternative is that the resistance of an infected cell to immune serum 
arises from the separation of the ultimate infectious principle from the sensitive 
antigenic structure. This point is being considered further in present studies 
of the effects of serum upon cells already producing virus at the maximal rate. 
SUMMARY 
The rate has been determined at which the initial stable complex is formed 
between cells of the chorioallantoic membrane and the PR8 strain of type A 
influenza virus. 
Characterization of the complex revealed the following properties:  (a)  sta- 
bility to dilution and to simple washing with buffered saline, (b) insensitivity 
to the action of receptor-destroying enzyme (obtained from cholera vibrio), 
(c) sensitivity to the inhibitory effect of anti-viral immune serum, (d)  forma- 
tion of the complex at low temperatures, 3°C., (e)  accompanied by a  loss  of 
detectable viral infectivity from the reaction mixture, (f) stability at 3°C. but 
transformation at 37°C.  to a  state which is resistant to the inhibitory action 
of a  specific anti-viral serum. The rate of this latter transformation has been 
determined. The infectious process in more than 50 per cent of the cells can 
be influenced by immune serum 2  hours after the completion of the initial 
reaction with virus. 
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